We developed a double-label method to directly measure the rate at which cells enter S-phase of the cell cyde. AN cells in S-phase were first labeled with a short pulse of [3H]thymidine. This was followed by a longer incubation in bromodeoxyuridine (BrdU), a thymidine analogue. Nuclei labeled with [3H]-thymidine were detected by autoradiography and those labeled with BrdU by immunocytochemistry. Cells labeled only with BrdU must have entered S-phase at some time after the end of the [3H]-thymidine pulse. Thus, the rate of entry of cells into S-phase could be determined. This method was shown to be more accurate and more sensitive than determining changes in the rate at which cells ~~ Jones Bridge Rd., Bethesda, MD 20814-4799.
Introduction
During their differentiation, most cell types, including hematopoietic cells, muscle cells, neurons, and epithelial cells, stop synthesizing DNA (Wier and Scott, 1986; Wille et al. 1984; Holtzer et al. 1982) . This is often called "terminal differentiation." During this process, cells exit from the G1 phase of the cell cycle and enter a resting, or Go, state. In most cases, continued cell proliferation is incompatible with the expression of differentiated properties.
Despite extensive analysis, the mechanisms that control the terminal events in differentiation and the loss of proliferative potential have not been fully characterized. An important tool used to investigate the events leading to the onset of differentiation and the termination of DNA synthesis is the measurement of the kinetics of entry into S-phase of the cell cycle. Such studies are most often performed by incubating cells in a labeled DNA precursor, such as [3H]-thymidine, and following the increase in the percentage of labeled cells with time.
We report here the development of a double-labeling technique that directly measures the rate at which cells progress from G1 into S-phase ( Figure 1 ). This method permits a more accurate identifi-cation of rapid changes in the rate at which cells enter S-phase than is possible with methods that measure changes in the percentage of labeled cells. It also enables one to determine whether alterations in the percentage of cells in S-phase are due to changes in the duration of S-phase, the rate of exit from S-phase, or the rate at which cells initiate DNA synthesis. In this technique, all cells in S-phase at the beginning of the experiment are labeled with a short pulse of [3H]-thymidine. The labeled thymidine is then replaced with a thymidine analogue, bromodeoxyuridine (BrdU) . Cells are removed from the labeling medium at successive times after the addition of BrdU. The total number of cells, as well as the number of single-and double-labeled cells, are counted. Incorporation of [ 3H]-thymidine is detected by autoradiography, while labeling with BrdU is detected using a monoclonal antibody. Cells that remain in S-phase throughout the experiment are labeled with both (3H]-thymidine and BrdU. Cells that enter S-phase after the removal of the [ 3H]-thymidine will incorporate only BrdU into their DNA. By measuring the rate at which cells labeled only with BrdU accumulate in the population, one can directly measure the rate at which cells enter S-phase.
To test the accuracy, precision, and utility of this method, we have studied the events surrounding the differentiation of lens fibers from embryonic lens epithelial cells. A number of investigators (Zwann and Kenyon, 1984; Modak and Perdue, 1970; Persons and Modak, 1970) have shown that after the epithelial cells at the lens equator duplicate their DNA they undergo a final division and are displaced towards the posterior of the lens. These cells, which Fiber cell differentiation is characterized by extensive cell elongation, the synthesis and accumulation of large amounts of lens proteins (crystallins), the eventual degradation of most membranebound organelles, including the nucleus, and the absence of DNA synthesis and cell division (Piatigorsky, 1781) . Many of the events of lens fiber differentiation occur in vitro. Culture of lens epithelial explants in medium supplemented with fetal bovine serum (Milstone and Piatigorsky, 1975; Philpott and Coulombre, 1965) , insulin (Piatigorsky, 1973) , insulin-like growth factor-1 (Beebe et al. 1987) , or embryonic vitreous humor (Beebe et al. 1980) stimulates the formation of cells that closely resemble lens fibers. Nath et al. 1987 ) measured changes in the percentage of [3H]-thymidine-labeled cells during the first 10 hr after lens epithelial cells were treated with 20% vitreous humor. They found a steady decline in the percentage of labeled nuclei when explants were pulse-labeled at successively later times after the initiation of differentiation. Earlier studies suggested that lens epithelial cells stimulated to differentiate with fetal bovine serum also had a reduced labeling index (Piatigorsky and Rothschild, 1972) . These findings suggested that the entry of cells into S-phase of the cell cycle is inhibited during fiber differentiation in vitro.
The results described here show that this may be an oversimplified view of the events associated with lens fiber terminal differentiation in vitro. We found that lens epithelial cells maintained in basal medium slowed the rate at which they entered S-phase even more precipitously than cells that had been stimulated to differentiate. In contrast, lens cells stimulated to differentiate with fetal bovine serum entered S-phase at a rapid rate for at least 10 hr after beginning the process of fiber differentiation. Therefore, depend-, . ~ --moved, and BrdU, a thymidine analogue, is added. Nuclei are isolated and the incorooration of 13H]-thymidine is detected by :Ua popu'ation Of growing toradiography, while BrdU isdetected by imcells progressing throuah all stases of the munocytochemistry. This double-label " cellcy2e--strategy, using two thymidine analogues, deteas cells entering the early stages of S-phase of the cell cycle. A modification of this protocol measures the rate at which cells leave S-phase and enter G2. all cells in S-phase w,ll be labeled those cells continuing to synthesize DNA will also incorporate BrdU, and appear doubly labeled a small population of cells entering the early stages of S phase will incorporate BrdU, appearing singly labeled ing on the culture medium, lens epithelial cells could cease dividing without morphological differentiation or could appear to differentiate without withdrawing from the cell cycle.
Using a modification of the double-label protocol, the rate of exit from S-phase can also be monitored. This, too, was affected by factors that triggered terminal differentiation, suggesting that these factors altered the duration of S-phase.
Materials and Methods
Explantation and Culture of Lens Epithelia. Fertile White Leghorn chicken eggs were obtained from Truslow Farms (Chestertown, MD). Lenses were removed from 6-day-old embryos (E6) and the lens epithelium was separated from the fiber mass by microdissection. A square explant containing approximately 2 x lo4 cells was cut from the central region of the lens epithelium and simultaneously attached to the bottom of a 35-mm petri dish as previously described (Beebe and Feagans, 1981) . For each data point, lens explants were dissected from six to eight embryos. Epithelia were exposed to growth factors or other supplements dissolved in basal medium (Ham's F-10; Gibco. Grand Island, NY) at the concentrations indicated in each experiment. Human recombinant insulin-like growth factor-1 (IGF-1; Imcera Bioproducts, Terre Haute, IN), was reconstituted and stored following the manufacturer's guidelines. Fetal bovine serum (FBS) was from Gibco. Each batch of FBS was tested before use to ensure that it stimulated 6-day embryo lens epithelial cells to elongate. All other reagents were purchased from Sigma (St Louis, MO). Vitreous humor was prepared from E15 chicken embryos according to methods previously described (Beebe and Feagans, 1981) . Lens explants were incubated in a total of 2 ml of medium for the times indicated at 37°C in 95% air/5% C02.
Labeling and Detection Procedures. At predetermined times after treatment, cultured lens explants were pulsed for 5 min with 10 WCi of [3H]-thymidine (60-90 pCilmmol; ICN Radiochemicals, Costa Mesa, CA) in 2 ml of minimal essential medium (MEM) containing Earle's salts and L-glutamine (Gibco). The medium was removed by aspiration, and after three washes each with 3 ml of MEM, explants were incubated in MEM containing 0.1 bromodeoxyuridine (BrdU Sigma) for the time intervals indicated below. R e m 4 of [ 3H]-thymidine, mshing, and addition of BrdU-containing medium took no longer than 7 min. After removal of the BrdU, explants were treated for 30 min with 2 N HCI, then rinsed twice with 5 ml of PBS, pH 7.4.
Lens epithelial cells at 6 days of development are small and form a pseudostratifed epithelium. To be sure that each nucleus could be seen during counting, we dissociated the cells and isolated their nuclei (Box and M ison, 1985) before antibody staining. Cells were treated for 5 min with dissociation medium (0.2% trypsin, 5 mM E m in PBS, pH 7.4), rinsed in PBS, then treated in nuclear isolation medium (0.6% NP40,2% PEG 8000 in PBS) for 10 min. Tissues were rinsed in PBS, 2 ml of PBS were added, and cells were scraped from the culture dishes. Cell debris from each culture dish ms drawn into a siliconized Pasteur pipette, transferred into a 1.5-ml microfuge tube, and vortexed at high speed for 5 sec. Nuclei were pelleted by centrifugation for 4 sec in a microcentrifuge. The liquid was adjusted to approximately 200 pl, nuclei were re-suspended by gentle vortexing, pipctted onto poly-Glysine-coated glass slides, and allowed to settle for 60 min. Excess PBS solution was then wicked away with a tissue and slideswere incubated for 30 min with a mouse monoclonal anti-BrdU antibody (Becton-Didriaron; Mountain View, CA) diluted 1:lO in PBSl0.5% Tween 20. Slides were washed in PBS and incubated with a fluoresceinconjugated goat F(ab)2 anti-mouse antibody (' & Burlingame, CA) diluted 3:lOO in PBS/O.I% Tween 20 for 30 min. Slides were washed in PBS and nudei were f m d in 3 % formalin for 5 min. Slides we^ then rinsed in PBS for 5 min, distilled water for 15 sec, and air-dried. Slides were dipped in Kodak NTB-2 emulsion, air-dried for 12 hr. exposed for 48 hr at -20°C dewloped in Kodak D-19 developer for 5 min. rinsed in distilled water for 30 sec, and fmed in Kodak fmer for 5 min. All photographic solutions were at 17'C. Slides were air-dried. stained for 1 min with propidium iodide (0.04 pglml), air-dried, and coverslipped with Krystalon mounting medium (Harleco; Gibbstown. NJ).
Determination of Autoradiographic Background and Labeling. Autoradiographic background was determined for each set of slides by preparing background control slides. For such controls, the number of autoradiographic grains per nucleus was determined for cells treated for 3 hr with the DNA polymerase inhibitor aphidicolin (5 Vglml) before double labeling with [3H]-thymidine and BrdU (Huberman, 1981) . This 3-hr treatment eliminated the incorporation of thymidine analogues into DNA. Blockage of DNA synthesis was verified by the complete inhibition of BrdU incorporation. The grains over at least 250 nuclei were counted for each background control. The average number of background grains per nucleus ranged from 0.4-0.8. Nuclei were considered labeled if they contained five times the number of grains observed over the control nuclei. Thus, the minimum number of grains required to identlfy a labeled nucleus ranged from two to four for the experiments reported.
Nuclei were counted with a Nikon Fluophot microscope at x 1000 under oil, using a broad-range fluorescein filter (excitation 450-540 nm, emission cutoff 520 nm). All slides were coded before counting, and were scored blind to treatment groups. A minimum of 2000 nuclei were counted for each data point (unless otherwise indicated in figure legends).
Trypan Blue Exclusion. After treatment the culture medium was removed and replaced with 2 ml of basal medium containing 0.04% Trypan Blue for 2 min. Explants were viewed on an inverted microscope and the position and number of stained cells were determined.
Computer Fitting and Statistical Analysis. Data points for selected experiments were computer plotted using linear regression analysis of the Fig. P software package (Biosoft; Milltown, NJ). Tests for parallelism between data sets were calculated utilizing the Pharmacologic Calculation System-Version 4.1 computer software package (Micro Computer Specialists; Philadelphia, PA). Data are reported as means f SEM.
Results

Use of a Double-label Method to Determine the Rate at Which Cells Enter S-phase of the Cell Cycle
The double-label protocol employed in this study involved a 5-min pulse of [3H]-thymidine followed by a longer chase in BrdU (Figure 1) . Cells entering S-phase after thymidine removal are labeled only with BrdU, whereas cells in S-phase during both labeling periods are labeled with both BrdU and [3H]-thymidine. However, after the initial 5-min pulse, radiolabeled thymidine will be incorporated into DNA until it is used up or diluted out by the added BrdU. Not until after the [ 3H]-thymidine pool is depleted will cells appear singly labeled with BrdU. We therefore determined the time required to reduce the specific activity of the thymidine pool to undetectable levels. Freshly explanted lens epithelial cells were labeled in [ 3H]-thymidine for 5 min. then incubated with BrdU for successive 15-min time periods, beginning at 30 min after addition of BrdU. Figure 2 shows the steady increase in the percentage of nuclei singly labeled with BrdU that occurred with increasing incubation time. Exuapolation of the regression line to the abscissa suggested that about 15 min was required to reduce thymidine labeling to background levels. Figure 2 also suggests that BrdU did not inhibit DNA synthesis in these cells, because the increase in the rate of accumulation of cells singly labeled with BrdU appeared to be linear with time.
On the basis of the data in Figure 2 , 105 min was chosen as a standard time for incubation in BrdU. Under the conditions used in this study, this incubation time yielded sufficient numbers of single-labeled cells to provide statistical validity after counting about 1500 nuclei.
Nuclei that were singly labeled with BrdU appeared smaller than those that were double labeled. In addition, the BrdU signal in single-labeled cells was punctate ( Figure 3B ). Double-labeled nuclei had a brighter, more uniform labeling pattern ( Figure 3A ).
Analysis of Cell Cycle Progression in Lens Epitheltal Cells
Vitreous humor stimulates chicken embryo lens epithelial cells to differentiate into cells that resemble lens fibers (Beebe et al., 1980) . Nath et al. (1987) found a decline in the percentage of labeled nuclei when lens epithelial explants were pulse-labeled for 1 hr with [3H]thymidine at successive times after exposure to 20% vitreous humor. These findings suggested that the rate of entry into S-phase decreased during differentiation. To directly measure the rate at which these cells entered S-phase, central lens epithelia from 6-day-old chicken embryos were cultured in basal medium (Ham's M O ) or in the same medium containing 20% vitreous humor for 1, 3, 6, or 10 hr and double labeled as described above. As seen in tered S-phase than in epithelia in which labeling was begun immediately after explantation. At 3 and 6 hr of culture, lens cells exposed to vitreous humor entered S-phase in greater numbers than did cells cultured in basal medium. By 10 hr of culture the percentage of single-labeled nuclei decreased to near zero in both culture media. These data show that, in this culture system, withdrawal from the cell cycle is not solely a consequence of fiber differentiation but can occur in cells that are not stimulated to form lens fibers.
It is not known whether lens cells pre-cultured in different media will deplete their [3H]-thymidine pools at the same rate during the double-labeling protocol. Until this pool is exhausted, cells single-labeled with BrdU cannot be detected. Variations in the time required to deplete the [3H]-thymidine pool between treatment groups could lead to errors in estimating the rate of entry of cells into S-phase.
To account for this potential source of error, the rate at which cells entered S-phase was measured in basal and vitreous humorsupplemented medium using two labeling methods: the doublelabel protocol described here, or continuous labeling. Cells were labeled using each of these two methods either immediately after explantation or after culture in basal or vitreous humor-supplemented medium for 3 hr (see Figure 5 ). Using the continuous labeling approach, cells were incubated in BrdU for 30,90, or 150 min after treatment. At the shortest incubation interval all cells in S-phase are labeled. At succeeding intervals, a larger percentage of the population is labeled as more cells enter S-phase. The slope of the line that related the percent labeled cells to time was the rate at which cells entered S-phase (Figure 5 ) . Because mitosis occurs well beyond the longest labeling period of 150 min. daughter cells resulting from mitosis would not have contributed to the labeled cell population (Zwaan and Kenyon. 1984) . Using the doublelabeling method, cells were incubated in BrdU for 45, 75. 105. or The rate at which cells entered S-phase was similar when determined by the two methods. A statistical test for parallelism of the regression lines derived from each of the labeling methods was performed for each of the three treatment groups. This analysis showed that the pairs of regression lines for each treatment did not have significantly different slopes. They were therefore assumed to be parallel and the slopes determined by the two labeling methods indistinguishable. Thus, differences in the time needed to deplete the cells of labeled thymidine could not be responsible for the different labeling rates seen in the three treatment groups. In addition, cells that were single-labeled with BrdU were detected at the earliest time points in all double-label experiments. This indicates that the thymidine pools were depleted of label by this time. The top graph shows the labeling kinetics of chicken embryo lens epithelial cells oontinuously labeled with BrdU; the lower graph shows data obtained using the thymidine/BrdU double-label protocol. Each data point represents an independent experiment in which at least 2000 nuclei were counted. Closed symbols in the upper half of each of the three graphs represent values for cells that were labeled only with BrdU during the continuous labeling protocol. Four trials were performed for each of the three time points used in the three incubation conditions and a firstsrder regression line was computed for each data set. Open symbols in the bottom half of each graph are values for cells that were single labeled with BrdU in the double-label protocol. Three trials were performed for each of the four time points used in the three incubation conditions and a first-order regression line was computed for each data set.
The same type of statistical analysis showed that when the double-label protocol was used the slopes of the regression lines for the three treatment groups (unincubated, 3 hr in basal medium, and 3 hr in 20% vitreous humor) were different from each other. However, when the slopes of the regression lines generated in the continuous labeling experiments were compared for the three treatment groups they were not significantly different from each other. The lack of statistical power in the continuous labeling studies was due to the greater scatter in the data compared with the values obtained with the double-label method. These results show that the low variability obtained using the double-label protocol increased the sensitivity with which changes in the rate at which cells entered S-phase could be detected.
Cessation of DNA synthesis is characteristic of fiber cell differentiation in vivo and in vitro (Piatigorsky, 1981) . Our studies showed that withdrawal of cultured lens epithelial cells from the cell cycle occurred even when the epithelial cells were not stimulated to differentiate (Figure 4) . Trypan Blue exclusion was therefore used to determine whether the inability of the in vitro culture system to sustain DNA synthesis was simply due to tissue damage resulting from the physical separation of lens epithelium from the fiber mass during the explantation procedure. We also compared the rate at which cells entered S-phase in explanted epithelia and in intact lenses.
Only a few cells at the edges of the explanted epithelia were stained with Trypan Blue (data not shown). Stained cells were always in the region that had been cut and pushed against the bottom of the culture dish during the explantation procedure. No additional stained cells appeared, even after several hours in culture.
Whole lenses or explanted lens epithelia were cultured for 0, 1, 2, or 3 hr in basal medium, then double labeled as described above. Figure 6 shows that in epithelial cells cultured as whole lenses or in isolated epithelia there was a decrease in the percentage of single-labeled nuclei with time. Although this decrease occurred at a slightly faster rate in isolated epithelia than when epithelial cells were cultured and labeled in the intact lens, the physical separation of the anterior epithelial cells from the fiber cell mass was not the cause of the termination of DNA synthesis in isolated lens epithelial cells. These experiments also showed that the doublelabel method could be used in intact tissues, not just in isolated epithelial monolayers.
Comparison of Effects of Several Fiber Differentiation Factors on the Initiation of DNA Synthesis in Cultured Lens Epithelial Cells
Fetal bovine serum (Philpott and Coulombre, 1985) , insulin-like growth factor-1 (Alemany et al., 1989 (Alemany et al., ,1990 Beebe et al., 1987) , and embryonic vitreous humor (Beebe et al., 1980 (Beebe et al., ,1987 stimulate chicken lens epithelial cells to differentiate into cells that closely resemble lens fibers by several criteria. We determined whether these agents had similar effects on lens epithelial DNA synthesis. Figure  7 shows that this was not the case. When lens epithelial cells were labeled immediately after explantation using our standard protocol, about 2 % of the nuclei were single labeled with BrdU. IFG-1 maintained this level for the first hour of culture. However, there was a significant drop in single-labeled cells in the first hour when explants were cultured in either fetal bovine serum or vitreous humor. After 10 hr, cells cultured in vitreous humor or IGF-1 had few single-labeled nuclei, but those in FBS maintained the rate ofenuy into S-phax seen after the fmt hour of culture. These results showed that although each of the treatments stimulated lens cells to elongate (Beebe et al., 1979 (Beebe et al., ,1980 , to increase their rate of &crystallin synthesis (Beebe et al., 1980 (Beebe et al., ,1987 Milstone and Piatigorsky, 1975) , ind to accumulate &crystallin mRNA (Alemany et al., 1989; Milstone et al., 1976) . their effects on proliferation were quite different.
Use of a Double-label Method to Measure the Rate of Exit from S-phase
The duration of S-phase differs both among species and at different developmental stages within a species (Hand, 1978; Edenberg and Huberman, 1975; Blumenthal et al., 1974) , but usually not within a given adult cell type. To determine whether differentiating and non-differentiating embryonic lens epithelial cells had S-phases of similar duration, a modification was made in the standard double-labeling protocol so that the rate at which cells exited S-phase could be measured. As with the previous experiments, lens epithelia were incubated for 0 hr or for 3 hr in basal medium or in medium supplemented with 20% vitreous humor. After treatment, cells in S-phase were labeled with a 5-min pulse of [3H]thymidine. Explants were then washed and cultured in basal medium for45,75, 105, 135, or 165 min, then labeled for an additional 30 min in 10 pM BrdU. Cells that remained in S-phase for the duration of labeling would be doubly labeled. Cells exiting S-phase after the removal of [3H]-thymidine but before the addition of BrdU would be singly labeled with [3H]-thymidine.
The percentage of cells that were singly labeled with [jH]thymidine at successive time intervals is shown in Figure 8 . This was similar for cells pre-treated for 0 or 3 hr in basal medium. Cells treated for 3 hr in 20% vitreous humor appeared to depart S-phase for G2 in greater numbers, especially at the later time periods. This was probably not due to the slightly larger number of vitreous humor-treated cells that entered S-phase in the early stages of culture, because the duration of S-phase in these cells is 5.5-6 hr (Nath et al., 1987; Zwaan and Kenyon, 1984) and the longest total time of culture in this experiment was 5.75 hr. Therefore, there was insufficient time for changes in the rate of entry into S-phase to be reflected in the rate of exit from S-phase. More likely, culture in vitreous humor led to a slightly shorter S-phase compared with culture in basal medium. It is also possible that vitreous humor progressively arrests cells in S-phase of the cell cycle, causing the accumulation of cells that are labeled only with thymidine. Although we consider this possibility to be unlikely, it cannot be ruled out in this experiment
Discussion
The Double-label Method
In this study a double-label method was used to directly observe the rate at which cells entered or left S-phase of the cell cycle. This enabled us to follow relatively rapid changes in proliferative activity and S-phase duration when lens cells were triggered to begin terminal ddferentiation or were cultured in medium devoid of serum or growth factors.
While our studies were under way, other investigators published double-label methods for measuring cell cycle kinetics. Thornton et al. (1989) incubated small blocks of endometrium sequentially in [3H]-thymidine and BrdU for 1 hr each. They used these data to calculate changes in the duration of S-phase. Double labeling with iodo-and bromodeoxyuridine has also been used to determine the duration of S-phase and to calculate doubling times (Shibui et al., 1989) . In these studies antibodies were used that discriminate between the two thymidine analogues. This approach has the advantage of avoiding the use of radioisotopes and autoradiography.
The major advantages of the double-label protocol are its ability to detect relatively rapid changes in proliferative activity, the ease with which the separate elements that determine the duration of S-phase can be measured, and its increased sensitivity compared with continuous labeling protocols. We directly compared the double-label protocol with continuous labeling as a means to measure the rates at which cells entered S-phase. When the rate of entry into S-phase was measured using continuous labeling, the change in the total number of labeled cells was measured over the labeling period. Therefore, the increase in labeled cells occurred against a background of all the cells that were in S-phase at the beginning of the labeling period as well as those that left S-phase during the labeling period. In these studies, slight variability in the percentage of total labeled cells will result in large errors in determining the number of newly labeled cells at each time point. In the double-label protocol each experiment began with the complete absence of single-labeled cells. As cells entered S-phase there was a progressive increase in the number of single-labeled cells. This permitted a more accurate determination of proliferative activity.
In future studies it would be advantageous to automate the counting of single-labeled and total cells when using the doublelabel protocol. The relatively small numbers of single-labeled cells in some experiments required that several thousand nuclei be counted for each time point. This might best be done by double labeling with iodo-and bromodeoxyuridine, as described by Shibui et al. (1989) , detecting single-labeled cells using monoclonal antibodies tagged with different fluorochromes, then scanning the tagged cells with an automated fluorescence detector.
It is apparent from the work of Thornton and co-workers (1989) that double-label methods can be used to measure cell cycle kinetics in blocks of tissue and perhaps in whole organs. When this is done it is necessary to validate the method, with special attention to the time needed to deplete the intracellular pool of the initial thymidine analogue. In our studies the time required to deplete the [3H]-thymidine pool was similar when lens epithelial cells were treated in different ways. However, in vivo studies may be complicated by changes in blood flow or by interactions among different cell types. In these cases, baseline studies are required to show that apparent effects on cell cycle parameters are not due to changes in the specific activity of intracellular pools or to changes in the availability of DNA precursors. It should also be noted that, in the present studies, counts were made on isolated nuclei. This could lead to incorrect estimates of cell cycle kinetics if nuclei are not recovered with equal efficiency from each stage of the cell cycle. This potential problem could be avoided if double-label measurements were made in undissociated tissues or organs.
The Relationship Between the Initiation of DNA
Synthesis and Cell Diflerentiation in Chicken Embryo Lens Cells
Cessation of DNA synthesis is a central characteristic of lens fiber differentiation in vivo. However, we found that the rate at which lens epithelial cells initiated DNA synthesis decreased at a similar rate whether they were stimulated to differentiate with vitreous humor or were simply maintained in unsupplemented culture medium. This decline in cell replication did not appear to be due to damage occurring during the isolation of the epithelial monolayer. These experiments demonstrated that in the lens epithelial test system used in this study, the initiation of lens fiber formation was not the only reason for cells to withdraw from the cell cycle. Culture of these cells in basal medium may mimic the cessation of cell division that normally occurs in central lens epithelial cells late in embryonic development or during early postnatal life (Zelenka and Vu, 1984; Persons and Modak, 1970) . Our findings also suggested that in the embryonic eye lens epithelial cells might be exposed to a mitogen that maintains their high rate of cell division. On the basis of these data, we sought and found such an activity. The results of these studies are contained in another manuscript (Hyatt and Beebe, submitted for publication).
We were surprised that fetal bovine serum sustained the rate at which dlfferentiating lens fiber cells entered S-phase for at least 10 hr. FBS is a rapid and potent inducer of fiber cell ddferentiation (Milstone and Piatigorsky, 1975; Piatigorsky and Rothschild, 1972; Philpott and Coulombre, 1965) . Piatigorsky and Rothschild (1972) found that after culture of central lens epithelia in FBS for 3 days [3H]-thymidine incorporation declined by about 60%. They concluded that this decline reflected the terminal differentiation of the fiber cells. In the present study, when lens epithelia were cultured in vitreous humor no cells entered S-phase after 10 hr. Since vitreous humor is likely to contain the normal stimulus for fiber formation, the cell cycle kinetics of lens cells cultured in vitreous humor probably most closely resemble conditions in vivo. From similar studies, Nath et al. (1987) concluded that few or no E6 lens epithelial cells entered S-phase after being stimulated to differentiate with vitreous humor. Zwaan and Kenyon (1984) rotated lenses from 5-day embryos through 180", exposing the epithelial cells to vitreous humor. In these experiments no epithelial cells were found in S-phase when cells were pulse-labeled with [3H]-thymidine 9 hr after rotation. Tiken together, these results suggest that 10 hr is the longest time that lens cells continue to cycle after being stimulated to differentiate by exposure to vitreous humor.
We believe that it is now possible to view the effects of FBS on lens epithelial cells and the results of Piatigorsky and Rothschild (1972) in a new way. The present studies suggested that FBS promotes both proliferation and fiber cell differentiation. We know from earlier studies that FBS causes lens epithelial cells to elongate, to accumulate increased amounts of 6-crystallin mRNA, and to increase their rate of 6-crystallin synthesis. At the same t h e , our data show that some of the lens cells continue to enter S-phase at a high rate. Therefore, withdrawal from the cell cycle may not be an immediate consequence of lens fiber differentiation. Alternatively, all lens cells may not differentiate synchronously in response to vitreous humor. In this case, FBS may support cell divi-sion only in cells that have not yet begun to differentiate. In either case, it is apparent that FBS contains a mitogen for lens epithelial cells. Mitogenic activity is not detectable in chicken embryo vitreous humor. Study of the response of cultured lens epithelia to these factors may provide valuable information about terminal differentiation in general, as well as about the events that are specific to lens fiber differentiation.
For 1-3 hr after explanation, IGFl maintained the rate of entry of lens epithelial cells into S-phase above that seen in vitreous humor or unsupplemented medium. This may t& the known prop erties of IGF-1 as a "progression factor." Growth factors have been divided into those that prepare cells for DNA synthesis, termed "competence factors," and those that permit competent cells to begin DNA synthesis, "progression factors" (Stiles et al., 1979) . If this interpretation is correct, one might predict that FBS contains both competence and progression factors for lens epithelial cells.
We have recently identified an inhibitor of lens cell division in vitreous humor (Hyatt and Beebe, submitted for publication). We also found that in the embryo the lens epithelium is likely to be exposed to an embryo-specific mitogen, as well as to an inhibitor of at least one aspect of fiber differentiation (Hyatt and Beebe, submitted for publication). Identification of this complicated mix of activities relied on the development of the double-label method described in this report. This technique may provide a useful tool for other studies of cell replication in tissues from embryos and adults.
